Spong KE, Andrew RD, Robertson RM. Mechanisms of spreading depolarization in vertebrate and insect central nervous systems. Spreading depolarization (SD) is generated in the central nervous systems of both vertebrates and invertebrates. SD manifests as a propagating wave of electrical depression caused by a massive redistribution of ions. Mammalian SD underlies a continuum of human pathologies from migraine to stroke damage, whereas insect SD is associated with environmental stress-induced neural shutdown. The general cellular mechanisms underlying SD seem to be evolutionarily conserved throughout the animal kingdom. In particular, SD in the central nervous system of Locusta migratoria and Drosophila melanogaster has all the hallmarks of mammalian SD. Locust SD is easily induced and monitored within the metathoracic ganglion (MTG) and can be modulated both pharmacologically and by preconditioning treatments. The finding that the fly brain supports repetitive waves of SD is relatively recent but noteworthy, since it provides a genetically tractable model system. Due to the human suffering caused by SD manifestations, elucidating control mechanisms that could ultimately attenuate brain susceptibility is essential.
tion and suppression of electrical activity, a phenomenon known as spreading depolarization (SD) (Leão 1944; Rodgers et al. 2007; Somjen 2001) . SD is an ionic disturbance characterized by a massive redistribution of ions between intracellular and extracellular compartments. A rapid increase in [K ϩ ] o and drop in the concentrations of extracellular sodium, chloride, and calcium occur at the onset of SD (Pietrobon and Moskowitz 2014; Somjen 2001) . Exactly how all of these ions suddenly become free to run down their concentration gradients is not known, but it is clear that standard voltage-and ligand-gated channels are not involved (Gagolewicz et al. 2016; Muller and Somjen 2000) . Membrane repolarization with recovery of neural activity is dependent on the restoration of ionic gradients primarily by the Na ϩ -K ϩ -ATPase and usually occurs within minutes following the eruption of a SD episode (Leão 1944; Marshall 1959; Rodgers et al. 2007; Somjen 2001) . It is thought that the onset of the ionic disturbance initiating SD occurs when [K ϩ ] o levels exceed a critical threshold and thus waves of SD can be triggered by treatments or conditions that promote the accumulation of extracellular K ϩ . For example, in healthy neural tissue, SD can be experimentally induced by electrical stimulation, high-KCl solutions, or by pharmacological inhibition of the Na ϩ -K ϩ -ATPase (Pietrobon and Moskowitz 2014; Somjen 2001) .
SD has been demonstrated in several species, and it can effectively shut down neural function in both the vertebrate and invertebrate central nervous system (CNS) . For instance, SD has been implicated in a number of human pathologies and is associated with environmental stress-induced coma in the insect CNS (Pietrobon and Moskowitz 2014; Rodgers et al. 2010) . The many similarities that exist between vertebrate and invertebrate SD suggest that the cellular mechanisms underlying the events are the same and so are evolutionarily conserved (Rodgers et al. 2010 ). The first description of SD occurred over seven decades ago, and, although we understand enough about the ionic mechanisms, and the role of energetics and the Na ϩ -K ϩ -ATPase, to reproduce the main features of SD using mathematical models (Hubel et al. 2014; Wei et al. 2014) , it is important to note that there are still many unanswered questions about the phenomenon that arises in complex neural tissue. Given the role that SD plays in human health, elucidating its underlying mechanisms is critically important. Here we review SD mechanisms in both the vertebrate and invertebrate CNS and describe how the use of insect model systems could prove to be a fruitful approach for future investigations.
Occurrence and Relevance of SD in the Vertebrate and Invertebrate CNS SD was first discovered in the CNS of the rabbit by Leão (1944) who found that electrical stimulation of the cerebral cortex generated a silencing of brain activity that lasted for several minutes. Since the initial report, SD has been demonstrated in a variety of vertebrate species. In the mammalian CNS SD has been described in the mouse, rat, cat, monkey, and human (Fabricius et al. 2006; Gorji et al. 2001; Lauritzen et al. 1982; Van Harreveld A. et al. 1956 ). Furthermore, it has been shown to occur in the CNS of the frog and turtle and in the retinas of the chicken, toad, and lizard (Guedes et al. 2005; Lauritzen et al. 1988; Martins-Ferreira and de Castro 1966; Streit et al. 1995; Van Harreveld A. 1978) . Although SD has been most documented in the vertebrate CNS, its occurrence in the invertebrate nervous system is without question. For instance, SD in the insect CNS was first proposed in the cockroach many years ago (Rounds 1967) and since then has been well characterized in the CNS of Locusta migratoria (Armstrong et al. 2009; Rodgers et al. 2007; Rodgers et al. 2009; Rodgers et al. 2010 ) and more recently the brain of Drosophila melanogaster (Armstrong et al. 2011; Spong et al. 2016b) .
SD occurring in the neocortex of mammals has been extensively studied due to its association with human pathologies such as migraine, stroke, and traumatic brain injury (for reviews, see Dreier 2011; Dreier and Reiffurth 2015; Pietrobon and Moskowitz 2014; Somjen 2001) . In the healthy brain SD is benign, but during periods of metabolic compromise the disturbance worsens and, depending on the severity, can lead to irreversible neuronal damage. Recently, an SD continuum of neural pathologies has been described with migraine at the relatively benign end and stroke at the more injurious end of the spectrum (Dreier and Reiffurth 2015) . Although benign, waves of SD in the healthy cortex are thought to underlie migraine with aura and thus migraine pain. SD occurring under anoxic conditions [anoxic depolarization (AD)] such as during ischemia in vivo and simulated stroke [oxygen/glucose deprivation (OGD)] in brain slices is often terminal, leading to permanent brain injury (Dreier 2011; Joshi and Andrew 2001; Obeidat and Andrew 1998; Pietrobon and Moskowitz 2014; Somjen 2001) . Furthermore, peri-infarct depolarizations (PIDs) are spontaneous and repetitive SD events that originate in the penumbra surrounding the dead tissue resulting from stroke or traumatic brain injury. PIDs are destructive, since they often travel into surrounding well-nourished regions and expand the final infarct volume (Fabricius et al. 2006) .
Ischemic (anoxic) SD as studied in rodents is not confined to neocortex, being generated throughout the gray matter of the higher brain (hippocampus, striatum, thalamus, and cerebellar cortex). SD strength, rate of propagation, and onset time in live brain slices is similar across these regions of gray matter exposed to OGD. Likewise, subsequent injury, that is, neuronal swelling with dendritic beading, can arise acutely in each higher region in the wake of SD within tens of seconds. In contrast, impairing the Na ϩ -K ϩ -ATPase using OGD, ouabain, or palytoxin evokes weak and more easily recoverable anoxic SD in the lower brain (hypothalamus and brain stem) of rodents (Brisson et al. 2013; Brisson et al. 2014) . Moreover, K ϩ -triggered SD cannot be imaged in hypothalamic nuclei or brain stem with the exception of those nuclei near the dorsal brain stem surface . This indicates that SD generation is not a default activity of CNS regions in general and raises the question of with what specific neural function it might be associated.
Invertebrate SD has been best described in the metathoracic ganglion (MTG) of L. migratoria and, over the last several years, characterization of such events demonstrates that invertebrate SD shares many similarities with cortical spreading depression in mammals (see Figs. 1, 2, and 3) (Rodgers et al. 2007 (Rodgers et al. , 2010 . Due to this similarity and the relatively simple and accessible nature of the insect CNS, locust SD is a useful model for investigations aimed at better understanding mammalian SD (Rodgers et al. 2010 ). In addition to providing new insights for mammalian SD, insect SD is an interesting and ecologically significant phenomenon in its own right because of its association with stress-induced neural shutdown. For instance, in response to environmentally relevant stressors such as anoxia, hyperthermia, hypothermia, and ATP depletion, many insects enter a reversible coma characterized by immobility and a lack of response to any sensory stimulation. Upon removal of the stress, in most cases there is full recovery of neural and muscular systems (Armstrong et al. 2011 (Armstrong et al. , 2012 Dawson-Scully et al. 2010; Haddad 2006; Rodgers et al. 2007 ). In the locust CNS, it is clear that such stress-induced comas are caused by SD events (for a review, see Rodgers et al. 2010 ). Furthermore, [K ϩ ] o measurements recorded from the brain of D. melanogaster show SD-like increases in [K ϩ ] o levels in response to both anoxia and cold temperatures (Armstrong et al. 2011 (Armstrong et al. , 2012 Rodriguez and Robertson 2012) . Insect SD is apparently a protective mechanism used to conserve energy and cope with severe environmental conditions. Adult Drosophila enter a coma within 30 s in response to anoxia and survive for Ͼ8 h in an anoxic environment. In contrast, Drosophila larvae continue to move strongly for 20 min or more when exposed to anoxia but survive less than an hour (Callier et al. 2015) . Thus stress-induced comas driven by SD are protective in at least two adult insect species.
Mechanisms of Vertebrate and Invertebrate SD
The basic neural tissues and mechanisms of vertebrate and invertebrate nervous systems are equivalent. For instance, both the insect and mammalian CNS are composed of interconnected neurons and glial cells. In both nervous systems, gap junctions are widely expressed, forming direct connections between cell types in addition to providing neuron-neuron and glial-glial cell coupling. Although insect and mammalian gap junctions are formed from different proteins, they are thought to play similar roles in both systems (Baranova et al. 2004; Evans and Martin 2002) . Neurons are the main signaling cells; however, glial cells are involved in numerous processes that are critical for healthy neural development and function (Freeman and Doherty 2006; Parpura et al. 2012; Zwarts et al. 2015) . Mammalian glial cells have been classified into several subgroups, each associated with different morphology and primary functions (Freeman and Doherty 2006) . Insect glial cells are also characterized into subgroups that notably share many morphological and functional traits with their mammalian counterparts (Freeman and Doherty 2006) . While the vertebrate and invertebrate CNS is similar in terms of the basic structure and organization, it is no surprise that important differences exist due to fundamental physiological differences related to the generally smaller size of invertebrates. The most obvious distinction is that insects, in contrast to vertebrates, have an open circulatory system and therefore lack a neurovascular component. The absence of a vascular system may be viewed as an advantage, creating a system more accessible than that of mammals; however, it is an important difference to consider, since neural phenomena would occur without the influence of any endothelial modulators. The presence of myelinated axons, which form the white matter of the mammalian CNS, is another distinction. Although myelination is found in some invertebrates, it is absent in insects (Hartline and Colman 2007) . In the mammalian brain the majority of excitatory neurotransmission is mediated by ionotropic glutamate receptors, including N-methyl-D-aspartate (NMDA) receptors, a subtype that gates the influx of extracellular Ca 2ϩ . NMDA receptor activity has been implicated in both SD initiation and propagation in the mammalian CNS and may be responsible for neuronal death caused by prolonged exposure to anoxic conditions (Aiba and Shuttleworth 2012; Anderson and Andrew 2002; Choi 1992; Iijima et al. 1992; Lauritzen and Hansen 1992; Zhang et al. 2015) . In contrast, the main excitatory transmitter in the insect nervous system is thought to be acetylcholine (Oleskevich 1999; Osborne 1996) . Nonetheless, NMDA receptors and glutamatergic transmission have been implicated in a number of processes in the insect CNS (Barbara et al. 2005; Robinson et al. 2016; Sombati and Hoyle 1984; Xia et al. 2005) , but their relative roles during insect SD have not been investigated. Unlike mammalian neurons, insect neurons can survive for long periods without oxygen supply. A similar anoxia tolerance is exhibited in the western painted turtle (Chrysemys picta), which is dependent on a reduction in NMDA receptor activity (Bickler et al. 2000; Buck and Bickler 1998) . Thus, it is reasonable to suggest that differences in anoxia vulnerability, between mammalian and insect neurons, may be due to differences in glutamate transmission and/or NMDA receptor activity.
Electrophysiological properties. The rapid increase in [K ϩ ] o levels at the onset of SD is accompanied with an abrupt negative shift in the extracellular direct current potential, and both measurements are commonly used by experimenters to identify and monitor SD (Fig. 1 ). [K ϩ ] o in the mammalian CNS is maintained at ϳ3 mM under normal conditions; however, during an episode of SD, [K ϩ ] o increases to 50 -60 mM (Muller and Somjen 2000; Vyskocil et al. 1972 ). The characteristic drop in extracellular direct current potential has an amplitude in the range of 5-30 mV and is a result of the massive depolarization of brain cells that occurs during SD (Marshall 1959; Somjen 2001) . Intracellular recordings from neocortical cells demonstrate that mammalian neurons depolarize almost completely during episodes of SD (Muller and Somjen 2000) . Glial cells also experience a substantial change in membrane potential; however, their contribution to the massive depolarization characteristic of SD is less than that of neurons (Muller and Somjen 2000; Somjen 2001) . SD in the locust MTG is also associated with abrupt surges in [K ϩ ] o that can be conveniently monitored using K ϩ -sensitive microelectrodes (Rodgers et al. 2007) . The magnitude of the [K ϩ ] o disturbance measured during SD events in the locust CNS (ϳ50 mM) is similar to what is recorded during mammalian SD (Rodgers et al. 2007 ). Furthermore, the SD-like increase in [K ϩ ] o in the Drosophila brain in response to anoxia occurs simultaneously with an abrupt negative shift in extracellular direct current potential consistent with events in mammalian neural tissue ( Fig. 2) (Armstrong et al. 2011) . Locust ventilatory neurons depolarize during SD. Although the magnitude of the depolarization is less than that described for mammalian neurons, it is still sufficient to cause inactivation of action potential generation and prevent firing ( Fig. 3) (Armstrong et al. 2009 ). The reason for the smaller depolarization of locust neurons is not clear, but it may be one of the reasons why insects can withstand hours of anoxia without suffering permanent damage (Armstrong et al. 2009 ). Neuronal recordings from both insect and mammalian cells demonstrate that neurons in both systems exhibit a substantial drop in input resistance during SD, which reflects the opening of voltage-gated ion channels (Armstrong et al. 2009; Czeh et al. 1993; Somjen 2001) .
Mechanisms of SD initiation. Electrical stimulation or the application of high-KCl solutions is commonly used for the induction of experimental SD in the vertebrate CNS (Pietrobon and Moskowitz 2014) . Additionally, in both hippocampal and cortical rat brain slices, exposure to ouabain, a Na ϩ -K ϩ -ATPase inhibitor, initiates waves of SD (Balestrino et al. 1999; Brisson et al. 2013) . The same methods used to experimentally induce SD in mammalian tissue also induce SD in the insect nervous system. For example, injections of high-KCl saline directly in the locust MTG induces single SD events that propagate throughout the neuropil (Rodgers et al. 2007) , and bath application of ouabain induces repetitive SD events for which the rise and fall in [K ϩ ] o coincide with the arrest and recovery of electrical activity ). Likewise, injecting small volumes of either KCl or ouabain directly in the head capsule of the adult fly (D. melanogaster) reliably induces propagating waves of SD within the brain (Spong et al. 2016b) . Notably, ouabain-induced SD in the insect CNS resembles the PIDs that occur in mammalian brain tissue following ischemia (Rodgers et al. 2010) in that they recover to baseline.
Similar models of SD generation have been proposed in both the vertebrate and invertebrate CNS where increases in [K ϩ ] o over a critical threshold are thought to be a key event in initiating SD (Armstrong et al. 2009; Cestele et al. 2008; Kager et al. 2002; Pietrobon and Moskowitz 2014; Somjen 2002) . The build up of extracellular K ϩ causes neuronal depolarization that leads to the opening of voltage-dependent ion channels, which have not yet been identified (Gagolewicz et al. 2016; Muller and Somjen 2000) , further increasing activity and [K ϩ ] o , resulting in additional depolarization (activation of a positive feedback system). One of the core features is the balance between mechanisms of K ϩ accumulation and those of K ϩ clearance within the relatively small volume of the extracellular space. Onset occurs when mechanisms of K ϩ accumulation overwhelm the ability to clear excess ions, which ultimately triggers the positive feedback cycle generating the abrupt surge in [K ϩ ] o . Thus, initiating stimuli can predispose toward the generation of SD by activating mechanisms of K ϩ accumulation or by limiting K ϩ clearance mechanisms (Armstrong et al. 2009 ). Recovery occurs once mechanisms of K ϩ clearance are able to predominate, allowing for the restoration of ionic gradients and repolarization of the membrane potential (Armstrong et al. 2009 ). In support of this model, increases in neural activity in both mammalian and insect nervous systems predispose tissue toward SD, whereas reductions in neural activity are inhibitory. For instance, increasing the oxygen demand of ischemic cortex, by somatosensory activation, reproducibly triggers PIDs within the stimulated region (von Bornstadt et al. 2015) . Furthermore, KCl-induced SD in the rodent brain occurs more frequently during periods of sensory stimulation (visual or whisker stimulation) (Bogdanov et al. 2016 ). In the locust CNS, increased activity, induced by wind stimulation of thoracic circuits, elicited transient increases in [K ϩ ] o levels and decreased the latency to onset of the first SD event (Spong et al. 2016a ). Furthermore, the activity-induced increases in [K ϩ ] o triggered the first SD event in over half of the preparations, suggesting that local activity can determine the origin of successive events (Spong et al. 2016a ). On the other hand, blocking synaptic transmission and thereby reducing neural activity completely abolished ouabain-induced SD in 80% of locust preparations (Spong et al. 2016a ). In mammalian systems, disruption of glial cell function inhibits synaptic transmission and delays the onset of SD, a process that depends on the release of adenosine in the extracellular space (Canals et al. 2008) . Directly administering endogenous adenosine in the rat hippocampus also reduces SD susceptibility (Kaku et al. 1994 ). Thus, it seems that adenosine modulates SD susceptibility indirectly by reducing activity levels; however, the role of adenosine during insect SD has not yet been investigated. Nonetheless, it appears that increasing the energy demand of neural tissue initiates SD while reducing the energy demand protects against the development of SD. Propagation and susceptibility. Once initiated, waves of SD propagate throughout gray matter at a velocity of about 2-9 mm/min, stopping at regions of white matter (Grafstein 1956; Leão 1944; Somjen 2001; Woitzik et al. 2013) . SD events propagate throughout the locust MTG (2.4 mm/min) (Rodgers et al. 2007 ) and fly brain (ϳ3 mm/min) (Spong et al. 2016b ) at strikingly similar rates. Furthermore, whereas locust SD propagates throughout ganglia, which are equivalent to mammalian gray matter, it does not travel through the connectives, which contain axon tracts similar to mammalian white matter (Rodgers et al. 2007 ). Thus, the presence of myelin likely does not explain the absence of SD in white matter, since insect axons lack myelin altogether (Hartline and Colman 2007) . The mechanisms mediating the propagation of SD have not been clearly described. In the vertebrate CNS, intercellular spread through gap junctions has been implicated as a potential mechanism; however, this has yet to be confirmed (Largo et al. 1997b; Nedergaard et al. 1995) . It is thought that the SD wave front must be carried by a chemical substance due to the slow spread of the disturbance. Intercellular spread of Ca 2ϩ and diffusion of interstitial K ϩ or glutamate have all been proposed as probable mechanisms (Grafstein 1956; Somjen 2001; Van Harreveld A. 1959; Vyskocil et al. 1972) . Although it is still a matter of debate, recent evidence suggests that diffusion of extracellular K ϩ is a leading event during SD in both the mammalian and insect CNS (Enger et al. 2015; Spong et al. 2015) . This is supported by the observation that Ca 2ϩ channel and glutamate receptor blockers have no effect on SD initiation or propagation (Gagolewicz et al. 2016) .
Although vertebrate SD has been demonstrated in almost all gray matter regions of the CNS, the hippocampus and neocortex are areas known to be most susceptible, whereas lower brain regions are more resistant (Brisson et al. 2013; Czeh and Somjen 1990; Somjen 2001) . The reason why white matter does not support the propagation of SD or why different areas are more or less susceptible is not fully understood; however, the cytoarchitecture and the number of glial cells in the proximity are likely important factors (Somjen 2001) . Moreover, differences in the Na ϩ -K ϩ -ATPase isoforms found in different brain regions may account for region-specific susceptibility, since all isoforms do not pump at the same rate during periods of depolarization (Brisson et al. 2013) . Whereas in general neurons express the 1a1 and 1a3 isoforms, astrocytes express 1a2 and 1a4 isoforms (Gottron and Lo 2009). Investigations aimed at studying SD susceptibility are important, Note the similarities in the recordings from anoxic rat brain and anoxic fly brain (with a difference that the fly brain recovers at the end of the pulse of N 2 ). A: adapted from Hansen (1985) since understanding the physiological mechanisms underlying SD resistance could help identify potential targets that may be able to suppress the phenomenon in more vulnerable tissue. Interestingly, susceptibility to SD in the mammalian CNS is also influenced by age. Young rats are more resistant to the development of hypoxic SD compared with mature rats, as evidenced by increased latencies to onset and higher [K ϩ ] o threshold levels (Hansen 1977; Isagai et al. 1999; Mares et al. 1976 ). Furthermore, in newborn rat hippocampal brain slices, hyperthermic SD cannot be reliably induced (Wu and Fisher 2000) . A similar age dependence is evident in D. melanogaster. In the presence of ouabain, young flies (4 -9 days old) have longer latencies to SD onset, shorter bouts of SD activity, and reduced disturbances in baseline [K ϩ ] o levels compared with older individuals (35-39 days old) (Spong et al. 2016b ). Glial mechanisms of K ϩ homeostasis. Following a wave of SD, recovery of neural activity is strongly correlated with the restoration of Na ϩ and K ϩ gradients (Rodgers et al. 2007 ). In particular, glial cells are important regulators of the extracellular ionic environment and largely contribute to the maintenance of K ϩ homeostasis. Mammalian glial cells help restore elevated [K ϩ ] o levels following bouts of SD, and disruptions to such mechanisms cause abnormal [K ϩ ] o accumulation (D'Ambrosio et al. 1999; Lian and Stringer 2004a) . Furthermore, reducing glial cell function in brain slices increases both the susceptibility to SD development and the risk of permanent neuronal damage (Hosoi et al. 2006; Largo et al. 1996 Largo et al. , 1997a Lian and Stringer 2004b) . Glial cells are well suited for participation in [K ϩ ] o regulation, since they are equipped with a variety of mechanisms allowing for the uptake of excess ions. For example, inwardly rectifying K ϩ channels found on glial cell membranes increase in conductance when exposed to elevated K ϩ levels (Newman 1993) , and inhibition of this conductance raises [K ϩ ] o baseline levels (D'Ambrosio et al. 2002) . Glial cells are also equipped with Na ϩ -K ϩ -Cl Ϫ cotransporters, which play an important role under ischemic conditions (Chen and Sun 2005; Leis et al. 2005; Walz 1992 ). Internal mechanisms such as the sequestering of K ϩ by glial cell mitochondria may also participate in K ϩ homeostasis (Kozoriz et al. 2010 ). Furthermore, glial cells are known to be extensively coupled by gap junctions directly connecting the cytoplasm of neighboring cells, creating a spatial buffer for K ϩ (Orkand et al. 1966) . The network allows glia to uptake K ϩ from areas of elevated [K ϩ ] o and quickly redistribute the excess ions to regions of lower [K ϩ ] o (Orkand et al. 1966) . In mammalian tissue, pharmacological inhibition of gap junctions has been shown to facilitate the initiation of SD and accelerate propagation rates (Tamura et al. 2011 ). However, opposite trends, whereby gap junction blockade diminished propagation rates and reduced neuronal damage, have also been reported (Frantseva et al. 2002; Nedergaard et al. 1995) . This discrepancy could be due to differences in the roles of neuronal vs. glia gap junctions, since the pharmacological agents used are not specific to cell type (Frantseva et al. 2002; Largo et al. 1997b; Theis et al. 2003) . Indeed, genetically targeting connexins (proteins that form gap junctions) specifically in astrocytes reduces K ϩ buffering capabilities and increases rates of SD propagation, suggesting that glial cell gap junctions play a protective role during SD (Theis et al. 2003; Wallraff et al. 2006 ). In the insect CNS, glial cells also participate in [K ϩ ] o regulation. For instance, the insects' blood-brain barrier (BBB) is composed of specialized glial cells (perineurial cells) that are connected to each other and to the deeper layers of glia by gap junctions (Schofield and Treherne 1984; Treherne and Schofield 1981) . The BBB is critically involved in regulating the CNS extracellular environment and notably has been shown to Cur.
-52 mV 9 mM Fig. 3 . Neuronal responses to SD in rat midbrain and locust ganglion. A: whole cell recording of a midbrain neuron (locus ceruleus) of a rat in response to 10 min of oxygen/ glucose deprivation (OGD), which induces a weak anoxic depolarization (weak AD). B: intracellular recording of a metathoracic ventilatory interneuron and [K ϩ ] o surges during repetitive SD induced with bath application of 1 mM ouabain. EMG indicates activity of a ventilatory muscle, and the current trace (Cur) indicates repetitive pulses for measurement of neuronal input resistance. Note that the mammalian neuron depolarizes by ϳ60 to 0 mV, whereas for 19 insect neurons the membrane potential depolarized by only ϳ15 to actively mediate K ϩ fluxes (Kocmarek and O'Donnell 2011; Schofield and Treherne 1984; Treherne and Schofield 1981) . Furthermore, in response to elevated [K ϩ ] o , insect glial cells accumulate K ϩ , demonstrating their ability to clear excess ions from the extracellular space (Coles and Tsacopoulos 1979; Schlue and Wuttke 1983) . Consistent with mammalian literature, insect glial cells play a protective role during bouts of SD. For example, pharmacological blockade of gap junctions causes a dramatic impairment in [K ϩ ] o regulation and exacerbates ouabain-induced SD in the locust CNS (Spong and Robertson 2013) . Moreover, disruption to the locust BBB increases the severity of SD and facilitates propagation rates (Spong et al. 2014) .
Extracellular osmolarity and cell swelling. The extracellular compartment of the CNS is relatively restricted compared with the large intracellular volume, thus providing an environment that is particularly vulnerable to ionic disturbances. Reductions in the size of the extracellular space can heighten the severity of ionic disturbances, since it would facilitate the increase in concentration of extracellular ions due to a reduced volume for dilution (Schwartzkroin et al. 1998 ). Hypo-osmotic conditions cause acute astrocyte swelling, leading to a reduction in the extracellular space, and prolonged exposure to such conditions can damage cortical brain cells (Andrew et al. 1997 (Andrew et al. , 2007 Risher et al. 2009; Steffensen et al. 2015) . Acute hypo-osmotic stress promotes seizures in patients while hyperosmolality reduces cortical excitability (Andrew et al. 1989; Andrew 1991) , largely through change in the extracellular volume. However, synaptic strength is also affected Andrew 1990, 1991; Saly and Andrew 1993) . Furthermore, hypoosmotic stress reduces neural recovery following hypoxia (Payne et al. 1996) and can lead to the eruption of spontaneous SDs in rat brain tissue (Chebabo et al. 1995) . On the other hand, exposure to hypertonic conditions causes cell shrinkage and is protective against ionic disturbances (Andrew and MacVicar 1994; Balestrino et al. 1999; Huang et al. 1996) . For instance, increases in extracellular osmolarity inhibit SDs in rat brain slices (Balestrino et al. 1999; Huang et al. 1996) , and both mannitol and hypertonic saline are effective therapies used to treat patients who have suffered from ischemic stroke (Jeon et al. 2014) . The volume changes that occur in response to hypo-osmotic and hyperosmotic conditions are likely due to the swelling of astrocytes, since mammalian neurons, in particular cortical pyramidal neurons, do not express functional aquaporin channels (Andrew et al. 2007) , and no evidence suggests the contrary for other neuron types. However, during SD, a reduction in the size of the extracellular space is observed, which is largely due to neuronal cell swelling (Zhou et al. 2010) , despite the absence of aquaporin channels. Recent evidence suggests that neuronal swelling in metabolically challenged brain tissue involves water influx through Cl Ϫ -dependent mechanisms Rungta et al. 2015; Steffensen et al. 2015) . For example, SD-induced dendritic beading (cell swelling) of pyramidal neurons is reduced by the inhibition of Cl Ϫ cotransporters (Steffensen et al. 2015) . Computational modeling experiments also suggest that cell volume changes, during SD, are dependent on the opening and closing of anion channels . The extent of neuronal and glial cell swelling during insect SD has yet to be determined. Nevertheless, changes in cell volume regulation and their effects on SD severity have been investigated. In locusts, hypotonic-induced cell swelling increases susceptibility to ouabain-induced SD, evidenced by a decrease in the latency to onset and period between individual events (Spong et al. 2015) . Furthermore, the magnitude of [K ϩ ] o disturbance is greater and individual SD events propagate at higher velocities under hypotonic conditions compared with hypertonic conditions (Spong et al. 2015) . This exacerbation of SD under hypotonic conditions is consistent with mammalian literature; however, it is important to note that the role and distribution (neuronal vs. glia) of water-permeable channels in the insect CNS is less established.
Insect SD as a Model for Mammalian SD
The use of invertebrate model systems to study human disease is by no means novel. Particularly, both the common fruit fly (D. melanogaster) and the nematode (Caenorhabditis elegans) have emerged as valuable model systems commonly used in the biomedical field (Jeibmann and Paulus 2009; Kaletta and Hengartner 2006; Pandey and Nichols 2011) . The use of these model organisms has obvious advantages such as accessibility, their short life span, and genetic tractability. They allow for detailed experimental designs encompassing a wide range of sophisticated techniques. Experiments can be performed on a large scale with high-throughput assays and are cost effective. Such insect model systems have provided insights for both therapeutic drug discovery and for mechanisms underlying a variety of human diseases, including, but not limited to, Alzheimer's disease, Parkinson's disease, cancer, and diabetes (Jeibmann and Paulus 2009; Kaletta and Hengartner 2006; Pandey and Nichols 2011) . Clearly, experimentation using insect systems can generate clinically relevant data.
Vertebrate SD has been extensively studied in a variety of systems since its initial discovery in 1944, largely due to its implication in human pathology (Dreier 2011; Dreier and Reiffurth 2015; Leão 1944; Pietrobon and Moskowitz 2014) . Nevertheless, despite vigorous research efforts, there are still many things we do not know. For example, we have a limited understanding of the triggers of SD and the relative roles of glia and neurons in facilitating or limiting the spread of the ionic disturbance. Also, we have very little knowledge of how intrinsic evolutionarily conserved cellular signaling pathways might modulate the susceptibility and vulnerability of the brain to SD. Characterization of SD in the invertebrate CNS, specifically in the MTG of L. migratoria and the brain of D. melanogaster, began relatively recently (less than a decade ago), but it is now clear that insect SD bears all the hallmarks of mammalian SD. As discussed below, both the locust and fly systems possess unique attributes that have helped generate interesting results that are likely relevant to vertebrate neurobiology. We propose that continued use of these insect model systems could help expedite the process of designing therapeutic treatments aimed at mitigating the negative consequences associated with mammalian SD.
L. migratoria. It has been previously proposed that SD within the locust MTG, particularly ouabain-induced SD (due to the similarity it shares with PIDs), could prove to be a useful model for mammalian SD (Rodgers et al. 2010) . Locust dissections can be performed quickly, and the resulting semiintact preparation exposes the thoracic nervous system, allowing for measurements to be taken from within the MTG while simultaneously monitoring vital neuronal circuits such as the ventilatory central pattern generator (Armstrong et al. 2009; Robertson and Pearson 1982; Rodgers et al. 2007 ). SD can be reliably induced, and at the same time pharmacological agents, targeting specific processes, can be easily administered to the entire CNS. Not only can SD be conveniently induced and monitored within the locust MTG but it can also be manipulated by pharmacologically targeting evolutionarily conserved pathways, suggesting that similar relationships may exist in other animals, including mammals (Armstrong et al. 2009; Rodgers-Garlick et al. 2011) . For example, blockade of the nitric oxide-cyclic guanosine monophosphate-protein kinase G (PKG) pathway suppresses locust SD, whereas activation of the pathway increases the severity of the ionic disturbance ( Fig. 4A) (Armstrong et al. 2009 ). Similarly, ouabain-induced SD is attenuated following pharmacological inhibition of the AMP-activated protein kinase, a sensor of cellular energy status, and is exacerbated by its activation (Rodgers-Garlick et al. 2011) . SD events in the locust MTG can also be manipulated using pretreatment methods. Prior exposure of the locust CNS to tetraethylammonium, a blocker of voltage-gated K ϩ channels, delays the onset of SD, reduces the amplitude of the individual [K ϩ ] o events, and decreases propagation rates (Rodgers et al. 2007 Spong et al. 2015) . Treatment with the voltage-gated Na ϩ channel inhibitor tetrodotoxin also increases the latency to SD-like ionic disturbances but does not affect the magnitude of the associated surges in [K ϩ ] o (Rodgers et al. 2007 ). Inhibition of the Na ϩ -K ϩ -2Cl Ϫ cotransporter with bumetanide causes a build up of extracellular K ϩ and facilitates SD propagation (Spong et al. 2015) . Furthermore, subjecting locusts to a prior heat shock treatment (3 h at 45°C) increases both the failure temperature of hyperthermia-induced SD-like events and the rates of K ϩ clearance compared with control preparations (Rodgers et al. 2007 ). The increase in K ϩ clearance is partly due to heat shock-induced trafficking of the Na ϩ -K ϩ -ATPase in neuronal plasma membranes (Hou et al. 2014 ).
D. melanogaster. It is without question that pharmacological studies can generate interesting and significant results; indeed, most of our mechanistic understanding of SD today stems from such experiments. However, given the complexity of the phenomenon and the lack of specificity of many pharmacological agents, new experimental approaches to study SD are warranted. The demonstration of SD in the brain of D. melanogaster is noteworthy, since it provides a new model system to genetically dissect mechanisms of SD and their tissue specificity. In the Drosophila brain, SD in response to anoxia (AD) is indistinguishable from events in the mammalian brain induced by cardiac arrest (Fig. 2) (Armstrong et al. 2011; Hansen 1985) . Also, the Drosophila brain supports repetitive SD induced by ouabain treatment or by application of KCl (Spong et al. 2016b) . Notably, these manifestations described in Drosophila are along the SD continuum described in mammals (Dreier and Reiffurth 2015) , confirming that the general phenomenon can now be investigated using the sophisticated molecular genetic toolbox available for Drosophila. In addition to recording SD from the brain of individual flies, whole animal behavioral assays can be used as well, allowing for large-scale and high-throughput screening of genetic strains identifying flies more or less resistant to anoxia. Genetic strains of interest could then be subsequently tested in more detail (electrophysiological experiments). Although investigations using the ouabain model have just begun, importantly, its susceptibility to genetic manipulation has been clearly demonstrated. For instance, flies lacking the white gene (w1118 mutants), which encodes an ATP-binding cassette transporter, are more vulnerable to ouabain-induced SD compared with wild-type (Canton S) flies, evidenced by shorter latencies to SD onset and longer bouts of SD activity (Spong et al. 2016b ). Whether or not this difference in ouabain sensitivity is due to the white gene (rather than genetic background) is not clear; however, it is a reasonable suggestion based on recent findings. For example, w1118 mutants take longer to recover from whole animal anoxic comas compared with wild-type individuals, a phenotype shown to be directly caused by the lack of the white gene (Xiao and Robertson 2016) . Nonetheless, differences between w1118 and Canton S individuals are important, since they are both commonly used control strains and many transgenic fly lines are created using the w1118 fly background. Differences in SD susceptibility have also been re- ported between fly strains that share the same genetic background but differ in their levels of PKG activity. Flies with low levels of PKG activity are more resistant to both ouabaininduced SD and the more severe AD compared with flies with higher levels (Fig. 4B ) (Spong et al. 2016b ). These results are consistent with earlier work showing that pharmacological inhibition of the PKG pathway attenuates ouabain-induced SD in the locust CNS (Armstrong et al. 2009 ). Together these results indicate that the PKG signaling pathway plays an important role during insect SD, and given the conserved nature of the pathway suggest it may play a similar role during mammalian SD.
Conclusion
Due to the number of humans who suffer from neural pathologies involving the SD continuum, it is critical that we continue to advance our knowledge of the phenomenon. Despite obvious differences in the design of the vertebrate and invertebrate CNS, the general cellular mechanisms underlying SD seem to be conserved. Insect model systems provide a relatively new and alternate approach to study mechanisms of SD and come with many research benefits that higher vertebrate model systems cannot offer. In particular, extending the demonstration of SD to the brain of Drosophila is paramount, since it equips us with a host of new methodologies that will allow us to address specific questions on a tissue-specific level. In addition, these experiments could be accompanied with cell-level recordings, providing novel insights for how SD initiation and propagation exactly take place. In conclusion, we propose that taking advantage of insect model systems will not only help provide answers to unknown questions but may also help identify molecular targets to mitigate brain susceptibility to SD.
